Abstract Hydrothermal syntheses were performed at various pH values and temperatures to induce variability in kaolinite defect density. Temperature of synthesis ranged from 200 to 240~ for 21 d. Initial pH at room temperature ranged from 0.5 to 14. The starting material was a hyd~othermally treated gel, with an atomic Si/A1 ratio of 0.93, partly transformed into kaolinite.
INTRODUCTION
Although the kaolin subgroup has been studied extensively during the last 70 years, crystallization conditions remain only partly known. Despite many experiments to synthesize kaolinite at room temperature from solutions or noncrystalline materials (Van Oosterwyck-Gastuche and La Iglesia, 1978) , only Espiau and Pedro (1984) obtained unquestionably a kaolin mineral after a relatively short time (three months). Thus, kaolinite syntheses were mainly performed under hydrothermal conditions (-->200~ Rayner (1962) studied the kinetic effect of temperature and synthesis duration on the rate of kaolinite formation from a (non-crystalline) gel. Huertas et al. (1993) established that the increase of temperature and duration of kaolinite hydrothermal synthesis improves "crystallinity" (i. e., reduces the defect density). However, after a certain synthesis time (-15 d at 225~ no increase in the amount of kaolinite or decrease in defect density is observed. Tomura et al. (1985) and Fiore et al. (1995) established that as temperature and/or duration of synthesis increased, the amount of lath-shaped or platy kaolinite increased. They also observed the formation of rose-shaped aggregates and a decrease in the number of kaolinite spherules with increasing temperature. The role of pH in kaolinite synthesis from various starting products was investigated by De Kimpe et al. (1964) , La Iglesia Fernandez and Martin Vivaldi (1973) , Eberl and Hower (1975) , and Satokawa et al. (1994 and Satokawa et al. ( , 1996 . Acidic conditions, depending upon the starting material, favor kaolinite crystallization and can improve "crystallinity". However, kaolinite defect density (Satokawa et al., 1996) was assessed only within a small range of final pH (0.4-4.8).
Most studies used an amorphous gel or minerals such as feldspars; none used a gel already partially crystallized to kaolinite. Such an approach may allow the observation of kaolinite crystal growth. In the present study, kaolinite was hydrothermally synthesized from starting material partially crystallized into kaolinite. Hydrothermal syntheses of kaolinite were performed for 21 d, from 200 to 240~ and pH from 0.5 to 14. The defect density and the morphology of the synthesized kaolinites were studied with respect to pH and temperature.
MATERIALS

Starting material
An initial gel was prepared with 0.2 M sodium metasilicate (SiO2Na20-5H20), 0.2 M aluminum nitrate [Al(NO3)3-9H20] and 1 M sodium hydroxide added according to the following reaction: 2SiO2Na20 + 2Al(NO3)3 + 2NaOH 6NaNO3 + H20 + Si2AlzOv.
(1)
After completion, the coprecipitate was centrifuged to remove sodium nitrate. The gel was then dehydrated at 70~ for 12 h and crushed. It was X-ray amorphous. The silicoaluminous gel was hydrothermally treated with distilled water at 220~ (+3~ under equilibrium water pressure (23.2 bar), for 14 d. The initial pH was -5. This partially crystallized gel was then used as starting material for kaolinite synthesis.
The expected atomic ratio Si/A1/Na of the starting material is 2/2/0 (kaolinite stoichiometry). The measured atomic ratio Si/A1/Na is 2.00/2.15/0.07, showing a small excess in aluminum owing to the fact that Reaction (1) did not go to completion. kaolinite; PBoehm = pseudoboehmite; Si -amorphous silica; Am -amorphous product; Parag = paragonite; Hydr Neph I = hydrated nepheline of I type (NazA12Si2Os.xH~O, Barrer and White, 1952) ; Cancr = cancrinite [Na 6 8(A1, Si)j2024(CO3) ~ 2]-( ) = minor phase; (()) = trace.
Analyses of the starting material showed that it contained kaolinite of medium "crystallinity" based on the Hinckley index (Hinckley, 1963) (Table 1) . The starting material also contained amorphous product and a small amount of pseudoboehmite. The amount of pseudoboehmite was not determined because this phase is poorly crystallized and the temperature of dehydroxylation is close to that of kaolinite (Tettenhorst and Hofmann, 1980) . Thermogravimetric analysis suggested --50% kaolinite in the product.
Hydrothermal aging
An amount of 400 mg of powdered starting material and 30 mL of distilled water were placed in experimental vessels with metal bodies and removable Teflon liners. In some cases, hydrochloric acid or sodium hydroxide was added to produce an initial pH (pH0 within the range 0.5-14. This pH~ was adjusted and measured directly in the vessel, after mixing and stabilization, at room temperature. Vessels were held at 200, 220, or 240~ (-+3~ under equilibrium water pressure (respectively, 15.5, 23.2, and 33.5 bar). Synthesis duration was 21 d. Final pH (pHp) values were measured on quenched synthesis fluids.
METHODS
Chemical analyses of synthetic samples were performed by atomic absorption spectrometry (AAS) with a Perkin Elmer 2380 spectrometer, for silicon, aluminum, and sodium. Samples were prepared by fusion with strontium metaborate and dissolution in nitric acid (Jeanroy, 1974) .
Ammonium saturation of the samples was performed in 1 mL of 1 M ammonium acetate solution, agitated, and aged for 2 h. Samples were then removed from the solution by centrifugation, again suspended in 1 mL of the ammonium acetate solution, and aged 2 h. The NH4-saturated samples were washed until free of ammonium salts (i.e., until no reaction with the reagent of Nessler HgI4K2).
X-ray diffraction (XRD) patterns were obtained with a Philips PW 1050/25 DY 5249 diffractometer equipped with Ni-filtered CuKct radiation (40 kV, 40 mA), combined with a SOCABIM system (DACO-MP) for numerical data acquisition. Measurements were performed on randomly oriented powder preparations except for the characterization of pseudoboehmite which, in some cases, required oriented prepa-rations. Defects in kaolinite (Hinckley, 1963) were characterized using the Hinckley index (HI) and the R2 index of Li6tard (Li6tard, 1977; Cases et al., 1982) . The Rz value was calculated from the intensities of the (131) and (131) reflections, in the range 37-40 ~ CuKa. The apparent coherent scattering thickness of kaolinite was calculated along the c* axis, using the (001) reflection (CS0m) and along the b axis using the (060) reflection (CS060), according to the Scherrer formula (Guinier, 1956 ).
An electrobalance NETZSCH STA 409 EP was used for thermodifferential and thermogravimetric (DTA-TG) analyses. The DTA-TG thermocouple was calibrated using seven standard minerals with wellknown onset temperatures (e.g., Li2SO4; onset temperature of 578. l~
The measurements were performed with --20 mg of sample, heated in air, at 10~ from 20 to 1100~ The temperature of kaolinite dehydroxylation (Tin,x) is measured at the maximum deviation from background of the endotherm. TG analyses allowed estimation of the percentage of kaolinite present in each product (% Kaol). % Kaol was calculated by comparing the water loss of the sample (in wt. %) within the temperature ranges of 25-350~ (molecular water) and 350-800~ (kaolinite dehydroxylation), with the theoretical water loss (14 wt. %) of an ideal kaolinite.
Morphological observations of the synthesized products were made by transmission electron microscopy (TEM) with a JEOL 100CX microscope, operating at 80 kV, using samples dispersed in distilled water and sedimented on carbon-coated Co-microgrids.
Fourier-transform infrared (FFIR) spectra were recorded in the 400-4000-cm ~ range on a Nicolet 510 FTIR spectrometer with a 4-cm -~ resolution. They were obtained by transmission mode from KBr pressed pellets, which were previously heated at 110~ overnight. These pellets were prepared by homogeneous mixing of 3-4 mg of sample with 300 mg of KBr. Kaolinite FTIR spectra were normalized by equalizing the total integrated intensity of the Si-O-WA1 band located at 538-542 cm -~ (Stubican and Roy, 1961; Pampuch, 1966; Hlavay et al., 1977) to an arbitrarily chosen value to allow a quantitative comparison of the samples. The measurements of the integrated intensity of the absorption bands were made with OMNIC software from Nicolet Instrument. FTIR spectra of NH 4-saturated samples were obtained to evaluate the amount of adsorbed ammonium on kaolinite using the NH4+-deformation band (paNH4) located at 1400 cm (Nakamoto, 1963; Vedder, 1965) , according to .
RESULTS
Parageneses, "crystallinity" data, and synthesis conditions are given in Table l . Kaolinite was obtained within a wide range of pH for pH~ = 1-13 at 240~ and 11.5 at 200 and 220~ with corresponding pHF of 1-8.4. Kaolinite was sometimes associated with minor amounts of pseudoboehmite. Remnant amorphous products were detected only for the most basic pH F. For these samples, % Kaol was estimated at 60-70%. For all other samples, kaolinite crystallization was 90-100%. Feldspathoidic minerals were formed for pHv > 12 and amorphous silica was the only phase obtained for pHF < 1.
XRD
The powder XRD patterns of kaolinite synthesized at 220~ are shown in Figure 1 according to pHv. For pHF --< 5.5, reflections are narrow and intense, indicating low-defect density (Brindley and Brown, 1980) . Small amounts of pseudoboehmite are detected for pHF = 1.1 and 2.2. For pHF = 8.4, kaolinite is observed but is poorly crystallized (note broad diffraction hump at 20-35 ~ it is associated with a small amount of pseudoboehmite. This pseudoboehmite shows a broad peak at 6-7 ~ ( Figure 2 , curve a) which shifts to 4-5 ~ after ethylene glycol treatment ( Figure 2 , curve b), hut disappears after heating at 120~ for 2 h (Figure 2 , curve c). Tettenhorst and Hofmann (1980) described a similar synthetic expandable pseudoboehmite. The pseudoboehmite obtained at 240~ and pHF = 7.9 (not shown) does not show the same swelling properties, and it is associated with a synthetic 1M polytypic form of paragonite (Chatterjee, 1970) .
When the 131 and 131 reflections of kaolinite are well resolved, then a marked triclinic character is indicated but when only one apparent peak occurs, then monoclinic character is indicated (Planqon and Tchoubar, 1977; Li6tard, 1977; Brindley and Porter, 1978) . XRD patterns (Figure 1 ) indicate that the monoclinic character of the synthesized kaolinites increases with increasing pHv value at ---5.5. This trend seems independent of temperature of synthesis (200, 220, or 240~ For pHF = 8.4, the loss of resolution does not necessarily mean that the symmetry has changed, but just that there is an increased mosaic character probably owing to particle-size changes.
"Crystallinity" indexes (HI and R2) and apparent coherent scattering thickness (CS001 and CS060) of the synthesized kaolinites are plotted vs. pHF in Figures 3  and 4 , respectively. The temperature, within 200-240~ does not have any influence on either "crystallinity" indexes or apparent coherent scattering thickness of kaolinites.
The "crystallinity" indexes obtained are in the range of those of natural occurring kaolinites, which can approach 1.5 for HI and 1.2 for R2 (Lidtard, 1977) . HI (Figure 3a) is almost constant or only slightly decreases as pH F increases. Only three samples have a significantly lower HI (for the higher pHF), but stan- 
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(001) (o2o) (fro) ~ CuK~ XRD patterns of the starting material and of the products synthesized at 220~ according to pHi. PB = Pseudodard deviations are large owing to the presence of the broad diffraction hump between 20-35 ~ Moreover, for the sample synthesized at 240~ for pHF = 7.9, the presence of paragonite prevents an accurate estimation of HI. R2 (Figure 3b ) clearly decreases with increasing pHv, reflecting an increase of monoclinic character. The large standard deviation of the R2 value of the kaolinite synthesized at 240~ for pHF = 7.9 is related to the presence of paragonite. CS00~ ( Figure 4a ) does not vary significantly to pHv = 5.5 and seems to decrease slightly above this value, CS0~0 (Figure 4b ) remains nearly constant to pHF = 6.5. The apparent coherent scattering thickness estimated from samples synthesized at the most basic pH are less precise owing to less crystallization of the initial material into kaolinite.
DTA-TG
For each given pHF, DTA curves of kaolinites synthesized at 200, 220, and 240~ are similar, therefore only DTA curves at 220~ are given in Figure 5 . The low-temperature endothermic peak observed in the 50-IO0~ range for the starting material is related to dehydration of amorphous material. Kaolinite synthesized at pHv = 8.4 also shows low-temperature (<100~ endotherms. These endotherms are produced by sorbed I-I20 on the residual product (at 50-60~C) and to dehydration of the (swelling) pseudoboehrnite described above (at 80~
These endotherms suggest that the sample is poorly crystallized. This is confirmed by TG analysis which indicates that the product contained only 60-70% kaolinite.
The dehydroxylation endotherms (--500~C) are slightly asymmetric owing to populations of kaolinite particles with different sizes (see TEM below) and defect densities. For pH F = 1.1, the peak temperature of dehydroxylation (Tm~x) of kaolinite is 516~ Tm~ x progressively decreases with increasing pHF, to 502~ for pH F = 8.4. Tma • of the synthesized kaolinites is higher than that of the kaolinite contained in the starting material for all values of pH v.
For the most acidic pHF, the exothermic peak, corresponding to the spinel transition, is sharp and occurs at 996~ For pHF = 8.4, this peak is broad and occurs at 988~
These temperatures are typical for synthetic kaolinites (e.g., Calvert, 1981; Petit et al., 1995) and for low-defect natural kaolinites with low iron content (e.g., Calvert, 1981; Cases et aI., 1982) .
TEM
Analysis of the synthesized products by TEM revealed substantial morphological differences of synthetic kaolinites as a function of pHv. However, for each given pHv, the morphology and particle size of the kaolinite synthesized at 200, 220, and 240~ are similar. Photographs of four samples, synthesized at 240~ for pHF = 1.0, 4.7, 6.6, and 7.9 are shown in Figure 6 .
A great number of large hexagonal plates is observed for the most acidic pH F (Figure 6a ). These plates appear to aggregate and remain nearly hexagonal, with diameters of 0.3-1.5 Ixm. For pHF = 4.7 (Figure 6b) , plates are often slightly elongated, with some lozengic or elongated pseudohexagonal shapes, and with a diameter from 0.2 to 0.7 txm. For pHF = 6.6 (Figure 6c ), plates are very elongated, and emanate from rose-shaped aggregates. These plates can reach 1.5 • 0.15 ixm in shape. For pH F = 7.9 (Figure 6d ), lath-shaped kaolinites appear as individual particles to 2.5 • 0.25 Ixm. At this pH> a residual gel is also observed.
AAS
Chemical analyses of the reaction products containing only kaolinite or traces of pseudoboehmite were performed by AAS. The number of Na atoms contained in several samples per two Si atoms is plotted in Figure 7 as a function of pHF. The number of Na atoms significantly increases with pHv. 
FTIR
The FTIR spectra in the hydroxyl-stretching region for the kaolinite synthesized at 220~ are shown in Figure 8 . The four characteristic hydroxyl bands of kaolinite are well resolved for pile = 1.1. The 3620-cm 1 band is caused by the inner-hydroxyl vibrations (e.g., Ledoux and White, 1964; Barrios et al., 1977; Rouxhet et al., 1977) . The other bands, at 3693, 3668, and 3651 cm 1, are related to the vibrations of the three inner-surface hydroxyls. The 3693 and 3668-cm 1 bands are attributed to coupled antisymmetric and symmetric vibrations (Farmer and Russell, 1964; Farmer, 1964 Farmer, , 1974 . The attribution of the 3651-cm -1 band is still debated (Brindley et al., 1986) . However, according to data of Bish and Johnston (1993) it may be assigned to the combination of the OH2 and OH 4 hydroxyl groups, These inner-surface hydroxyls have very similar environments and are believed to be nearly parallel to the c* axis (Prost et al., 1987; Johnston et al., 1990) . The 3651-cm / band is believed to correspond to the out-of-phase analogue of the in-phase vibration located at 3685 cm -1, which is only active by Raman spectroscopy (Frost and Van Der Gaast, 1997) .
As pHF increases, the intensity of the 3668-cm -1 band decreases relative to the 3651-cm -I band, reflecting an increase of monoclinic character of the kaolinite (Li6tard, 1977; Brindley et al., 1986) . For pile = 8.4, defect density is sufficiently high that it is not possible to distinguish between these bands. Moreover, for this sample, an infrared (IR) band is present as a shoulder near 3600 cm ~. Since the starting material is iron free, this band cannot be attributed to A1FeOH vibrations, as attributed for natural and synthetic iron-substituted kaolinites (Petit and Decarreau, 1990; Delineau et al., 1994) . Furthermore, since the 3600-cm 1 band remains after heating at 120~ this band is not related to swelling pseudoboehmite. Along with the OH bands, the shoulder disappears in samples heat treated above 400~ when heating KBr pellets progressively from 240 to 510~ in increments of 30~ for 2 h at each temperature. Thus, the 3600-cm 1 band cannot be explained by intercalated water (Kukovskii et al., 1969) .
For kaolinites synthesized at 220~ the 3600-cm -1 shoulder is only visible for samples formed at pHF = 8.4. The shoulder occurs also for the highest pH values for the experiments at 200 and 240~ (pHF = 7.3 and 6.6, respectively). The shoulder may be present in the spectrum of the sample obtained for pH v = 7.9 at 240~ although paragonite may obscure this band. Furthermore, the intensity of the 3600-cm -1 shoulder is closely related to pHz. For example, the intensity is higher at pH F = 8.4 at 220~ than at pHF = 6.6 at 240~
No difference is detected between FTIR spectra obtained from a given pHv regardless of the temperature of synthesis. The spectra obtained for kaolinite synthesized at 200, 220, and 240~ with pH = 5.5-5.7 are essentially identical. The OH configuration of the starting material formed at pHI -5 and for the kaolinite synthesized at pH v = 5.5 is similar (Figure 8) .
The normalized FTIR spectra of ammonium-saturated samples are given in Figure 9 according to pilE. The integrated intensity of the v4NH 4 band located at 1400 cm ~ [I(vnNH4) ] clearly increases according to pH F (Figure 9) . A perfect linear relationship is observed between I(v4NH4) and the amount of sodium contained in the unsaturated samples, except for pHF = 8.4 which is not sufficiently pure for comparison to the other samples (Figure 10 ). The shoulder described above at 3600 cm -~ is not affected by ammonium treatment.
DISCUSSION
Influence of pH on paragenesis
For pH v --0.5, the only product phase obtained was amorphous silica, according to the sequence: SiO2 --~ SiO 2 + AlzSizOs(OH)4, as described theoretically by Tsuzuki (1976) for K-rich feldspar alteration at 200~ and pH of 1.8. During dissolution of the starting material, the solution first reaches supersaturation of silica. At pH -----1.8, amorphous silica precipitates while aluminum, being highly soluble, may stay in solution. However, Satokawa et al. (1996) synthesized kaolinite at pHF = 0.4 and 220~ after 10 d from silica gel and Figure 6 . Transmission electron micrographs of kaolinites synthesized at 240~ for various pHF values: a) pHF = 1.0, b) pH~ = 4.7, c) pHf = 6.6, and d) pH~ = 7.9. gibbsite using a higher solid/solution ratio than those used for this study.
For pH F in the range 1.0-6.1, kaolinite is the major phase present, often associated with pseudoboehmite. Using a thermodynamic approach, Tsuzuki (1976) showed that when K-rich feldspar is dissolved at 200~ and p H 4 in a closed system, the sequence of precipitation is: boehmite --) kaolinite --~ amorphous silica + kaolinite. In this study, under similar temperature and pH conditions, boehmite occurred as a precursor to kaolinite. Boehmite will precipitate at an earlier stage of the synthesis and progressively " f e e d " kaolinite formation. Satokawa et al. (1994) obtained boehmite associated with platy kaolinite by hydrothermal synthesis from an amorphous gel. They proposed that platy-shape kaolinite will be "crystallized on the basis of the sheet structure of the b o e h m i t e " . The only kaolinite shapes observed in the present study were plates (more or less elongated) and the kaolinite was often associated with pseudoboehmite, providing additional evidence for the hypothesis of Satokawa et al. (1994) . Note that each synthesized kaolinite sample was obtained by complete transformation of the starting material. Despite the presence of --50% of kaolinite of medium-defect density in the starting material, nearly 100% of kaolinite of low-defect density was obtained in 21 d for pHv in the range 1.0-6.1, whereas -7 0 % of kaolinite of high-defect density was formed for pHF in the range 6.6-8.4. Therefore, it is possible to form high-defect kaolinite from the dissolution of kaolinite with lower-defect density for experiments completed over relatively short durations.
Influence of pHF on kaolinite "crystallinity"
The pH does not greatly affect the HI. However, although this index is sensitive to all crystalline defects of kaolinite, it is only a semi-quantitative determination. Indeed, the HI may be related to kaolinite grains with different numbers of defects in a sample rather than one defect density (Plan~on et al., 1988 (Plan~on et al., , 1989 . The HI is similar for nearly all pH F (nearly 1.0) and is slightly higher than the maximum obtained by Miyawaki et al. (1991) for kaolinite synthesized at 220~ for shorter synthesis times. These authors established a positive correlation between HI and kaolinite yield, and our results are identical. Satokawa et al. (1996) studied the effect of acidity on the hydrothermal formation of kaolinite from silica gel and gibbsite. These authors observed differences in the HI independently of pHF. However, they used a shorter duration (10 d) and observed a decrease of the gibbsite dissolution rate as pH increases. No comparison can be made with our study because of the differences of reactivity of starting materials and synthesis time.
The R2 index is sensitive to all kaolinite defects except those of translation (-+b/3) or rotation (+_27/3) (Lidtard, 1977; Cases et al., 1982) . R2 decreases with the increase of pHv and this denotes an increase in the number of C layers (i.e., kaolinite layer with the vacancy located in the C octahedral site; see Bailey, 1980) among B-layer stacking (i.e., kaolinite layer with the octahedral vacancy in the B site), and thus an increase of the monoclinic character of kaolinite. Furthermore, as previously established by Plan~on et al. (1989) for natural kaolinites, the HI of the synthesized kaolinite is not related to monoclinic character, as the HI is constant whereas R2 decreases. Satokawa et al. (1996) obtained CS001 values >200 for pHF < 2, and CS001 values <200 A for higher pH. In the present study, CS00 ~ is >200 A for all pHF (except for one sample). These differences are probably related to different synthesis conditions. The pH has only a weak or no effect on the kaolinite CS060, as it is nearly constant for all pHF.
The effect of pH on the hydroxyl configuration of synthesized kaolinites is very important. A continuous series is observed from a low-defect kaolinite for acidic pHF to a kaolinite with a pronounced monoclinic character for the most basic pHF. A similar series of IR spectra in the hydroxyl-stretching region was observed for Cu-substituted synthetic kaolinites (Petit et al., 1995) . By an IR study of natural kaolinite intercalated with hydrazine, Cruz-Cumplido et aL (1982) established that the disorder apparent in IR spectra is caused by the decrease of the angle between the OH groups and the c* axis, which produces an increase in the interlamellar cohesion. Furthermore, they proposed that the OH orientation is a function of Al-vacancy distribution between adjacent sheets. In our case, variations in orientation of outer-hydroxyl groups are apparently related to the pH effect during kaolinite crystal growth and are correlated with R2 as already observed for natural kaolinites by Li&ard (1977) . Therefore, increasing pH induces variations of the orientations of the outer-hydroxyl groups.
The high-defect density of natural kaolinites was commonly correlated to the amount of substituted iron; "crystallinity" and particle size of kaolinite samples decrease as the iron content increases (Mestdagh et aL, 1980 (Mestdagh et aL, , 1982 Cases et al., 1982; Delineau et al., 1994) . In the present study, variations in the defect density and particle size of kaolinite are induced by pH. Thus, the high-defect density of natural kaolinites is not necessarily related to iron (or other cations) but, and probably essentially so, to the chemical aqueous conditions of kaolinite formation, with pH playing a major role.
The study of surface chemistry by FTIR Devidal et al. (1992) and Xie and Walther (1992) studied the surface speciation of kaolinite at 25~ as a function of pH. They established that in acidic solutions (pH < 4) the dominant surface species of kaolinite are Si-OH and AI(OH)2 +. As pH increases, the proportions of these species decrease whereas the proportions of the Si-O-and A1-OH species increase. For increasing pH from 8 to 14, the proportion of the A1-OH surface species reaches a maximum and then decreases in favor of the A1-O species. Clearly, while kaolinites are in contact with salt solutions, increasing pH increased the amount of Na § adsorbed on the kaolinite lateral surfaces to form Si-O ..-Na linkages (Xie and Walther, 1992) . Theoretically, A1-O .--Na links may also form at basic pH (pH > 10 at 25~ Xie and Walther, 1992) but no kaolinite was obtained beyond pHr = 8.5. The intensity of the 3600-cm -~ shoulder increases with pH F and decreases in intensity as hydroxyl groups are lost. Thus, the 3600-cm -1 shoulder may be generated by a perturbation of hydroxyl groups owing to interactions with the cations adsorbed on the kaolinite surface. FTIR spectroscopy shows that the number of Na § cations associated with synthesized kaolinites is exchangeable by NH4 +. When NH4 + is linked to clay structures, the deformation band is located at 1440 cm 1 . The band related to NH4 + observed in this study is located at 1400 cm 1, indicating a total exchange of NH4 § ions from synthesized kaolinites with K + ions from KBr . Pelletier et al. (1999) and Petit et al. (1999) showed that interlayer cations of smectites exchange also with K § from KBr pellets. Adsorbed cations on the external surfaces of synthetic kaolinites (NH4 + and also Na § are exchanged by K § in KBr pellets. The strong correlation between the intensities of the 1400 and 3600-cm 1 bands implies that absorbed K + ions may be responsible for the 3600-cm -1 band observed for both unsaturated and NH4-saturated samples. Figure 10. Number of sodium atoms per two Si atoms contained in the unsaturated samples according to the normalized integrated intensity of the NH4 + band of the ammonium-treated samples.
The increase with pH of cation adsorption on the kaolinite surface is closely linked to the increase of Si-O surface species, implying a positive correlation between the kaolinite surface charge and pH. Thus, it may be possible to estimate with good precision the cation-exchange capacity of any kaolinite by measuring I(v4NH4) of the NH4-saturated samples, which is directly related to the amount of exchangeable cations .
Influence of pHFon the morphology of synthesized kaolinites
For pHF > 7, kaolinite particles are in the shape of laths whereas for pH F --< 6, kaolinite particles show pseudohexagonal morphology. Some authors obtained lath particles of kaolinite but not as elongated as those of the present study (Petit and Decarreau, 1990; Fiore et al., 1995) . Much information on the kaolinite crystal-growth mechanisms may be obtained by a detailed study of kaolinite morphology. Fiore et al. (1995) established a scheme of formation of the different morphologies of kaolinite from silicoaluminous gels under hydrothermal conditions. They estimated that the lath morphology would be promoted by a higher supersaturation whereas the platy particles are favored by lower supersaturation. In the present study, although using the same solid/solution ratio, hexagonal particles are obtained for the most acidic pH and progressively, particles elongate with increasing pHF value until becoming lath-like for the more basic pHF. Such an evolution of morphology may be related to the conditions of solution saturation, which are pH dependent. However, owing to the increasing amount of sodium adsorbed on the kaolinite surface according to pile, the progressive lengthening of hexagonal-like particles may be attributed to a poisoning of kaolinite crystal growth by sodium on several faces. Several authors (e.g., Cases et al., 1982) suggested that the decrease of kaolinite "crystallinity" and particle size with the increase of iron content observed for natural iron-substituted kaolinites may be related to poisoning of faces by impurities (e.g., Fe, Li). This hypothesis seems to be confirmed by the present results as there is effectively a negative correlation between the defect density of the synthesized kaolinite and the increase in sodium absorbed on the surface.
